The interaction of shallow foundations with the underlying soil during dynamic loading can have both positive and negative effects on the behaviour of the superstructure. Although the negative impacts are generally considered within design codes, seldom is design performed in such a way as to maximise the potential beneficial characteristics. This is, in part due to the complexity of modelling the soil-structure interaction. Using the data from dynamic centrifuge tests, a simple moment-rotation macro-element model has been developed which has been calibrated and validated against the experimental data. The model is capable of accurately predicting the underlying moment-rotation backbone shape and energy dissipation during cyclic loading. Utilising this model within a finite element model of the structure would allow a coupled analysis of the full soil-foundation-structure system's seismic response. This permits the beneficial soil-structure interaction characteristics, such as the dissipation of seismic energy, to be reliably included in the design process resulting in more efficient, costeffective and safe designs. In this paper the derivation of the model will be presented including details of the calibration process. In addition, an appraisal of the likely resultant error of the model prediction will be presented and visual examples of how well the model mimics the experimental data will be provided.
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Please find attached our revised paper and answers in response to reviewer comments (Jan 2015 comments) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Introduction Performance based seismic design, whereby a system is designed based on deformation limits rather than load limits, offers the potential for safe economical design in seismic engineering. Permitting a certain amount of ductility in a system minimises the cost of the structure when designing for extreme but infrequent load cases such as earthquakes. This in turn allows for a more efficient design and construction procedure. With the ability to accurately model the behaviour of manufactured structural elements, this design philosophy has to date been utilised extensively in structural designs. Examples of such a method are the introduction of ductility in the design of beams and columns of a steel-frame structure or the use of unbonded tendons to give ductile behaviour of beam-column joints (Holden et al., 2003; Ou et al., 2010; Pampanin, 2005; Smith et al., 2011) . With designs being led by structural engineers combined with a perceived or real lack of ability to characterise the seismic response of the soil, ductility has not been widely included into the design of the soil-foundation system. However, recent research (Gajan and Kutter, 2008; Anastasopoulos et al., 2010; Gelagoti et al., 2012; Pender, 2010) has increasingly shown the potential merits of doing so. Utilising ductility within the underlying ground can potentially reduce the cost of the overall system and can provide significant levels of seismic protection. In order to optimise designs and provide quantitative assessments of the level of seismic protection, a comprehensive model of the soil-foundation interaction behaviour is required.
Previous researchers have investigated different methods of incorporating these beneficial characteristics into the design process. Ultimately all methods have to be incorporated into a numerical model of the overall soil-foundation-structure system. This can be done either by detailed numerical simulations of the soil behaviour (Abate et al., 2010; Gelagoti et al., 2012) , by equivalent simplified springs (Wotherspoon and Pender, 2010; Anastasopoulos and Kontoroupi, 2014; Raychowdhury and Hutchinson, 2009) or by using macro-element models (Paolucci et al., 2007; Grange et al., 2009; Chatzigogos et al., 2011) . It is the latter of these that will be the focus of this   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 paper. The use of a macro-element simplifies the modelling process by reducing the large number of elements and non-linear relationships (such as the elasto-plastic behaviour of the soil and nonelastic soil-structure interface movements) down to a single element which combines these nonlinearities into one constitutive law. In order for such a model to be accepted for use in design, it needs to be fully validated against physical modelling and/or field data. Despite soil-foundation interaction being capable of providing seismic protection to a variety of foundation types, this research focuses on shallow raft foundations located on dry sand beds. Paolucci et al. (2007) Paolucci et al. (2007) where the model under-predicted the settlements.
The model presented by Gajan & Kutter (2009) tracks the geometry of the soil-foundation interface and determines the loading on the foundation, thus the moment, rotation and settlement are evaluated simultaneously. Six user-defined parameters are required as well as nine nonuser-defined parameters, these having been back-calibrated against centrifuge data. Gajan & Kutter present several comparisons between the predictions made by the contact interface model and experimental data obtained from pseudo-dynamic centrifuge tests -with moments, shear forces and settlements all being predicted accurately. However, despite performing true-dynamic centrifuge   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 testing, the authors did not present any comparisons between the model predictions and this datasuch a validation is vital in order for the model to be adopted. In addition, the large number of user and nonuser-defined parameters adds to the complexity of implementing this model for alternative prototype scenarios and reduces confidence that the prediction can be extrapolated beyond the precise situation studied -fifteen independent parameters allowing almost any behaviour to be replicated with appropriate values chosen.
Although there have been numerous other macro-elements presented in literature with varying degrees of validation and capabilities, the three outlined above are prominent in the field and exemplify the challenges of developing such models. The majority of published models have to be questioned due to them being calibrated using data from tests in which the soil stress-state and loading were not accurately replicated. Ideally a simple model, rigorously calibrated and validated using data from tests which represent the prototype stress-state would be available to practising engineers to use in the seismic design of foundations.
In this paper a simplified macro-element model developed based on fundamental geotechnical principles will be presented. The calibration and validation of the model against a collection of centrifuge data, collected from true-dynamic testing of a raft foundation located on dry sand, will also be shown concluding with a realistic appraisal of the new model, its capabilities and limitations.
The model consists of two separate components; a backbone curve which forms the overall shape of the moment-rotation cycles and an energy dissipation component which converts the model backbone into a fully development moment-rotation cycle. Prior to presentation of the model, the experimental programme used to derive and validate the model will be described. Data from two dynamic centrifuge tests, incorporating numerous excitations, were used to develop the model described in this paper. The tests were conducted using the ten metre diameter Turner beam centrifuge (Schofield, 1980) which was operated such that the g-level in the region of the foundation was 44-g. A stored angular momentum (SAM) actuator (Madabhushi et al., 1998 ) was used to either subject the models to constant frequency, constant amplitude sinusoidal ground motions or to subject them to a constant displacement and decreasing frequency ground motion (referred to as a sine-sweep). The amplitude, frequency and duration of each shake can be adjusted in-flight allowing a range of motions to be tested. Subjecting the models to constant frequency and amplitude motions has the advantage of allowing the response to simple motions to be analysed and understood prior to examining the behaviour when more complex earthquake traces are used. This does, however, limit the extent to which the model developed in this paper can be validated for use with real earthquake motions. The sand and foundations were contained within a rigid container with a Perspex window allowing the movements of the foundation and soil to be imaged at a high rate during the test. To reduce the effect of the rigid boundary conditions, a plastic material, Duxseal (Steedman and Madabhushi, 1991) , was used to limit the amount of energy which was reflected from the container walls. In addition to high speed photography, an extensive instrumentation array, consisting of miniature piezoelectric accelerometers and micro-electro-mechanical system (MEMS) accelerometers, was used to monitor the response of the ground, foundation and superstructure.
Experimental programme

Test details
The structure tested was a single degree of freedom (when the base is fixed) stiff structure with a high centre of gravity and was located on a shallow raft foundation. The foundation was located on dry Hostun HN31 sand (Flavigny et al., 1990) prepared to loose and dense states using an automated sand pourer (Zhao et al., 2006) . A typical model layout is shown in Figure 1 . foundation-soil interface (Davis & Booker, 1971 ) and a shape correction factor as detailed in Eurocode 7. The pseudo-dynamic factor of safety for each test is detailed in Table 2 and was calculated using the approach presented by Butterfield & Gottardi (1994) as previously implemented for a similar purpose by Loli et al. (2014) . 
Data processing
The results presented in this paper are derived using data collected from the MEMS accelerometers located on the structure with quoted base input accelerations being determined from the piezoelectric accelerometer attached to the outside base of the model container. The data was initially processed by filtering out high frequency noise using an 8 th order Butterworth filter with a cut of frequency of 400 Hz. The MEMS accelerometers used have inbuilt filters at 400 Hz hence no data was eliminated. Although the fixed base natural frequency of the stiff structure exceeded 400
Hz, negligible internal deformation would have occurred during these tests due to the excitation frequency (50 Hz) being significantly below the natural frequency and therefore no information is lost by not examining frequencies above 400 Hz. To obtain the experimental moment-rotation behaviour, the acceleration data was double integrated and then high-pass filtered above 10 Hz in order to remove the accumulation of displacement error created by the integration process. These calculated displacements were validated against displacements obtained from imaging (PIV)
techniques. The rotation was evaluated by the difference in displacement between the two vertical accelerometers on either side of the foundation divided by the distance between the instruments.
The moment was taken as the overturning force provided by the inertial acceleration of the structure mass multiplied by the distance of between the base of the foundation and the centre of gravity of the structure. The moment contribution from the rotational inertial component was found to be negligible compared to the overturning moment and was therefore not included in the production of the plots presented in this paper. Development of the backbone model Fundamentally, the soil beneath the foundation is experiencing a load-unload cycle as the foundation rocks during seismic loading, with the load being provided by the moment loading transmitted to the ground by the foundation. It is intuitive therefore to initially consider an established model for the stress-strain behaviour of soil such as that developed by Oztoprak and
Bolton (2013), (Equation 1). Utilising a mobilisable strength design framework, as proposed by Osman and Bolton (2005) , the applied moment from the foundation can be considered to induce a representative shear stress in the deformation mechanism within the soil, τ rep . The rotation can also be shown to be compatible with a certain magnitude of shear strain in the mechanism, γ rep . Equation for the R and S proportionality constants will be the main focus of this section.
(3)
Concern may arise from the lack of cut-off in the adopted hyperbolic model however the peak shear strains within the soil were approximately 5% (as determined from the image analysis) and therefore it is being assumed no cut-off is required prior to this level of induced strain. It is worthwhile to Table 3 . The confining stress was calculated at a depth of a quarter of the foundation width which, from image analysis of the deformation mechanism, appeared to be a sensible representative depth. The small change in confining stress with changing density did not vary the values calculated for γ e and γ r , as shown in Table 3 , and hence a single value can be used in the subsequent analysis. It could be postulated that the strain in the mechanism would be directly proportional to foundation rotation and hence S might be constant. Conversely, the shear stress conversion parameter, R, would be anticipated to be a function of the rotation magnitude θ, as the mechanism changes size and shape. R will also depend on whether the foundation is in full contact with the ground (nonuplift -'NUL') or has rotated sufficiently to form a gap between its bottom surface and the underlying sand (uplift -'UL').
In order to understand the relationship between shear stress and moment, the bearing pressure distribution beneath the foundation (and how it changes as rotation increases) needs to be considered. Turning attention first to the non-uplift case, a simple linear distribution of bearing 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 pressures is adopted, as shown in Figure 2 . It may be postulated that a more complex pressure distribution, similar to that found under a static rigid shallow foundation, should be considered.
Despite the static case being well documented, there is little information on the stress distribution under a foundation sited on sand being subjected to true dynamic loading, with the inertia of the foundation and soil both likely to affect the true distribution. Therefore in the lack of a proven alternative, a linear distribution is the most sensible choice. The vertical stress can be split into two components; a constant component across the entire base and a linear component which varies from zero at one end to a maximum at the other end of the foundation. It is this linear component which provides the restoring moment to the foundation. If the maximum difference in stress between the two edges of the foundation is 2rθb, where r is a scalar to convert displacement into vertical stress, (i.e. the subgrade reaction modulus), the moment about the centre of the foundation being provided by the stress distribution can be evaluated using Equation 5 . This indicates that, at low rotation, before uplift has occurred, R is independent of the rotation and peak normal stress, only being a function of the factor converting normal stress to shear stress, f. Further comments on the choice of parameter f will be made later.
(5)
With regard to the uplift case, a linear variation in the bearing pressure is again assumed in order to maintain simplicity in the overall model, as shown in Figure 3 . In this case an extra parameter, β, defining the distance to the uplift point from the centre of the foundation has been added. The   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 . Unlike the NUL case, R is a function of r, θ and f.
The modified hyperbolic model parameter R can therefore be evaluated for different rotation magnitudes if values of r and f are known. With reference to the f parameter it was found that when different values were implemented in the optimisation code, the other model parameters, r and S, countered the change resulting in approximately the same overall quality of fit between the model and the data. Thus parameter f has been set to be equal to one in the following analysis as this was found to result in the best fit after optimisation of the r and S parameters. This leaves the parameters r and S to be determined by calibration of the model against the experimental data.
Choosing optimal model parameters
Having established the appropriate equations it is now possible to calibrate the model against the centrifuge data in order to determine the two unknown parameters, r and S. Due to the non- linear   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 response to changes in the r and S parameters, it is not possible to simply determine the ideal parameter choices for each dataset and then take an average of the obtained values. Instead a leastsquares analysis based on the error between the model prediction and the experimental moment backbone curve was performed and the best choice for the r and S parameters determined. The model assumes some uplift and hence only tests in which uplift was observed were taken for the back-calculation of the r and S parameters. It is noteworthy that the tests with evident uplift were only the ones with pseudo-dynamic factor of safety values of less than one (Table 2) . Generalised parameter values for r and S of 4.3×10 7 and 0.21 respectively were obtained from the backcalculation analysis. Figure 4 compares the data and model moment-rotation curves for two datasets; one with the greatest and one with the least error when using the generalised model parameters. Also quoted in the figure are the peak moment and small-rotation stiffness percentage errors. These two tests have different relative densities but the same magnitude of earthquake, with the good comparison being for dense sand. It is interesting to note that if the small strain shear modulus (G 0 ) calculated for the dense test was used for the loose test model then the model would predict the data more accurately. It could therefore be the case that the density was not achieved precisely for the loose test or the previously induced earthquake had caused sufficient densification as to increase the shear modulus towards the dense sand magnitude. Figure 5 shows the error distribution curves resulting from implementing the generalised parameters to model the tests used to obtain the parameters. Based on these distributions, with a 95% confidence level, the model predicts the peak moments to within 30% and the small-rotation stiffness to within 50%. The large stiffness error is likely to be a result of inaccurate values for the small-strain shear modulus. The model could be used to back calculate appropriate G 0 values by using the generalised model parameters and determining the best choice of G 0 to best fit the model to the data. With a formulated, calibrated and validated model for the moment-rotation backbone curve it is now possible to examine how best to include energy dissipation. 
Development of energy dissipation model
Damping in soils is known to be largely independent of loading frequency (Pyke, 1979) and therefore a hysteretic damping model is most suitable for including damping in the moment-rotation cycles.
Hysteretic damping could be included within the model through a mathematical construct which includes a damping coefficient and an imaginary unit. The imaginary unit is required to synchronise the damping with the rotational velocity as opposed to the rotation. Alternatively the hysteretic damping can be included through a purely analytical method as proposed by Masing (1926) and Pyke (1979) . Masing proposed a set of rules which use the initial backbone load-unload curve to develop a representation of the fully damped cyclic response. The rules proposed by Masing are outlined below and are shown diagrammatically in Figure 6 for a simple stress-strain cycle.
1) The shear modulus on each loading reversal assumes a value equal to the initial modulus for the initial loading curve.
2) The shape of the unloading or reloading curve is the same as that of the initial loading curve, except that the scale is enlarged by a factor of two in both the x and y directions.
The second of the original Masing rules detailed above fails to deal with asymmetrical loading, for example when there is a smaller load-unload cycle within a larger overall load-unload cycle. Such a loading pattern results in accumulation of shear stress beyond the yield shear stress. Pyke (1979) proposed modifications to the original Masing rules in order to deal with such scenarios. These modifications would need to be considered when real earthquake motions are modelled however for the constant amplitude ground motions used during the experimental testing presented in this paper, the original Masing rules are sufficient. Direct implementation of the Masing rules to the moment-rotation backbone results in a cycle as shown in Figure 7a . Although significant damping has been included, as shown by the area enclosed within the loops, the cycles no longer follow the typical shape of the moment-rotation curves. The Masing rules were developed for a simple load -1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 unload cycle applied to a soil column, hence at all times during the loading and unloading cycle there will be a geometrically identical mechanism at work. As discussed previously, the moment-rotation loading consists of two mechanisms; pre-uplift and post-uplift. Hence the simple application of the Masing rules to the entire moment-rotation backbone curve does not result in a correct representation of the energy dissipation.
As Masing rules apply to a scenario in which a consistent mechanism acts during loading and given the two mechanisms (non-uplift and uplift) at work during moment-rotation loading, modifications to the rules are required to allow them to accurately model the moment-rotation cycles. The initially proposed modifications involve splitting the backbone curves at the uplift point and thus having four separate sections instead of two; non-uplift loading and unloading, and uplift loading and unloading.
The moment-rotation path would now follow the listed sequence of sections: loading upliftunloading uplift -double unloading non-uplift -unload uplift -loading uplift -double loading nonuplift ( Figure 7b ). This set of modified rules still results in the same change in moment and rotation as the original rules however the cycle still does not follow precisely the characteristic momentrotation shape, as shown in Figure 7b .
The scaling of the sections that follow a load reversal is key in defining the cycle shape. Although scaling these legs by a factor of two for simple stress-strain cycles, as originally proposed by Masing, is applicable for those situations, the complex moment-rotation behaviour being modelled and the necessity to divide the backbone into two sections necessitates further modifications to the original rules. In order to obtain a moment-rotation model more representative of the true moment-rotation behaviour, the magnitude of the scaling applied to the section after a load reversal point requires further examination.
It should be noted that there is some asymmetry in the experimental data but due to the inherent symmetry of the model, a symmetric rotation profile is inputted. This results in some difference in the backbone curves but is required so that when energy dissipation is added to the model, drift of   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 the cycles along the moment or rotation axis does not occur. A peak rotation which is the mean of the positive and negative experimental peak rotations was used for the analysis.
After thorough investigation it was found that bespoke scaling was required post load-reversal in order to model the true moment-rotation cycles with different scalars being applied in the rotation (RS) and moment (MS) directions, as shown in Figure 8 . The magnitude of moment reduction post load reversal is the moment scalar, MS, times the moment change across the uplift backbone section, with the same rule being applied to the rotation magnitude. Following this initial scaled uplift reversal section a double non-uplift (NUL) section follows as this was found to successfully follow the pattern of the data. To ensure moment or rotation drift does not occur, the end point of the reversal path must coincide with the opposite end of the backbone curve. Therefore, the uplift section prior to the next reversal point is scaled by 2-RS and 2-MS. In this way, the same change in moment and rotation occurs as if the original Masing rules were followed. As can be observed in Figure 8 , the shape formed following these rules now appears much more like the expected form of a moment-rotation cycle. Therefore this set of modified Masing rules has been adopted and the optimal RS and MS values can be determined by calibration against the experimental dataset.
In a similar manner to the determination of the r and S parameters for the backbone curve, the optimum values for the moment and rotation scalars can be determined by finding the combination of values that best fits the experimental data. The ability to include damping accurately through this modified Masing method relies heavily upon an accurate backbone curve being available. In order to calibrate the moment and rotation scalars reliably, the optimum values for r and S were used for each test instead of the generalised parameters, thus ensuring the highest possible accuracy of the backbone shape. Soil density will affect the amount of damping obtained and despite the backbone model taking account of density, it is diligent to examine different relative densities separately in the analysis. For a range of MS and RS values, the error between the predicted cycle and an average experimental cycle was calculated. A least squares method was applied to determine the optimal Table 4 , different measures of error between the model and the experimental data can be obtained as shown in Figure 10 . It should be noted that the presented generalised parameters are currently only valid for prototype scenarios similar to what was modelled during this testing programme -a rigid shallow raft foundation sited on dry sand and subjected to horizontal sinusoidal excitations, up to 0.25 g in magnitude, which propagate upwards through the sand layer.
The subset of six tests which exhibited uplift behaviour was used in the calibration of the final model and the error distributions using the generalised parameters from Table 4 are shown in Figure 10a with the mean and standard deviation values obtained being summarised in Table 5 . Therefore, the maximum expected error with a 95% confidence level would be 33%, 51% and 34% for the moment, stiffness and damping respectively. Figure 10b on the other hand shows the distribution of error resulting from applying the generalised parameters to a larger subset of tests in which sufficiently large rotations occurred such that the model was able to be applied (10 tests), with the mean and standard deviation values being given in Table 5 . As observed from the figure and the values quoted in Table 5 , the errors increase by approximately 3 times when the entire set of tests are examined .   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 However, it must be remembered that several of the earthquakes fired during the tests were very small and hence uplift was minimal resulting in difficulty determining accurate values for the damping within the cycles. With further testing and an expansion of the useable dataset against which the model can be calibrated, the errors would be expected to reduce as anomaly tests would not bias the overall error statistics to the same degree. In fact, further testing was performed which included a further four centrifuge tests and forty-five dynamic excitations. Unfortunately during these tests an issue with the experimental setup resulted in some restriction being applied to the free-movement of the foundation hence this data has been excluded from the previous discussion. If an identical analysis procedure, as was described previously, is used with the data from these additional tests, the model is still shown to be effective at modelling the response albeit with different r and S parameter values (due to the experimental issue) and an increase in the standard deviation of the errors obtained (due to the inconsistency of the experimental issue). This does add further reassurance as to the validity of the proposed model. However, further testing is still advisable, not only for the reasons outlined above but also testing a more diverse range of prototype scenarios would allow the model to be refined and validated for use in a wider range of design cases. It is also worthwhile to examine some comparisons between the model and experimental momentrotation cycles. Figure 11 shows the results from the test with the minimum damping error, with an error of 3.5%. Figure 12 on the other hand shows the case resulting in the largest damping error (from within the subset of tests used to calibrate the model) between the model and experimental data -with an error of 23%. This is again the test shown in Figure 4 which showed the largest error with the generalised backbone parameters. It was however found that modifying the small-strain shear modulus to the value used for the dense tests corrected the error in the backbone. As shown in Figure 12 , when the small-strain shear modulus is again increased to the same level as that used for the dense sand tests, the model very accurately predicts the peak moment and energy dissipation. This highlights the importance of accurate evaluation of the small-strain shear modulus when implementing the model described in this paper.
As discussed in the introduction to this paper, there have been numerous other macro-element models proposed by researchers striving to encapsulate the moment-rotation response of shallow foundations. The majority of these models, including the three presented earlier (Paolucci at al., 2007; Grange, 2009; Gajan & Kutter, 2009) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 (2011) develop a theoretically rigorous model and provide comparisons against numerical simulations, other proposed macro-element models and two different sets of data with generally favourable comparisons being presented. However, the datasets used for validation are again from testing in which the complicated nature of true-dynamic loading was not considered and hence the validation is thus far limited. A particular strength of this new model arises from the fact it was calibrated using true-dynamic centrifuge data and thus questions regarding differences between the model and the real design scenario are avoided. The data used for the comparisons presented in this paper has not been specially selected to show particularly favourable correlations; instead an open appraisal of the model has been presented, at least for the prototype examined. Errors such as those presented in Figure 10 might initially cause concern however it must be remembered that they were obtained from applying a model developed to capture uplift behaviour to experimental situations in which significant amounts of uplift did not always occur and hence increased comparative errors are inevitable. It has been shown however that further validation and calibration of the model, especially regarding the selection of small-strain shear modulus, could lead to a rigorous and easily implementable model. The ability of the model presented in this paper to model the changing mechanism under the foundation in such a simple manner and yet still to accurately replicate experimental data acquired from true dynamic centrifuge testing thus presents a novel contribution to this field.
It should be noted that many proposed models, such as that those proposed by Kutter (2009) and Chatzigogos et al. (2011) , are capable of predicting the full moment-rotation-settlement behaviour whereas the model presented here predicts the moment-rotation behaviour only.
However, this new model is comparatively simpler with significantly fewer user-defined input parameters required.
Naturally there are limitations requiring further exploration in the proposed model given one specific prototype scenario was tested, for example, how the rigidity of the foundation affects the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 accuracy of the model. In addition, experimental data on the stress distribution under a rocking foundation would be useful to further refine the relationship between applied moment and representative shear stress.
Conclusions
In this paper a model for the moment-rotation behaviour of shallow raft foundations located on dry sand beds and subjected to medium sized seismic excitations has been developed and validated.
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Comments and feedback received from external peer review: Following the original round of review, the authors were invited to revise and resubmit to address a number of specific technical comments and also the following more significant issues that were raised by multiple reviewers:
1. An insufficiency of data for validation, limiting the widespread applicability of the model; 2. A focus on only the elastic deformation range; 3. The performance/benefits of the model compared to other previously published models.
As outlined in the original review, the work itself is not technically flawed and the paper is well written -however, the points above do provide limitations to the applicability of the model developed, particularly in comparison to other models in the literature, and were either to be addressed or discussed/clarified (if not). The authors have provided a detailed response to the review comments, but I believe there are still some changes required to ensure that these issues and the authors' justifications are properly represented in the paper as well as the response (which will not be seen by the readers). I have endeavoured to provide below suggestions which are as simple to implement as possible, but will go a long way to ensuring that the key points of clarification required by the reviewers are visibly addressed within the paper itself:
1. An insufficiency of data for validation, limiting the widespread applicability of the model
The authors have responded that while additional tests were conducted, the results were not included due to some issues with 'free movement' of the foundation, but that they could still be predicted by the model with appropriate changes to the empirical parameters. If this 'freemovement' is something that could happen in the full-scale case as well, then it would be a real shame if this additional data is not considered of publishable quality and will never be seen, as suggested by the authors' response. It could be argued that it would be better to include the extra data and state that there may be less confidence (greater standard deviation in model parameters) for these cases. The authors have added a statement about this extra data on p.20, but this could be supported with data, included as: -An extra Table, similar to Table 2 , summarising the additional 4 tests; -An extra column in Table 4 , so that there is one column for the current 2 tests' parameters and a separate one with different r & S parameters for the additional 4 tests; -An extra major column to Table 5 (so that there are 'subset of 7','CH10 & CH11' and 'additional 4' columns).
-There would be little need for additional text (other than references to the new data in Tables 4 & 5 on p.20, and a few additional sentences earlier on when describing the centrifuge modelling covering the configurations of the 'extra 4 tests'. The authors currently have a good 600+ words of space available before they reach the revised word limit of 6000.
The restriction on the free-movement of the structures in the additional tests is not something which could happen for a real structure. Due to the need to maintain contact between the front of the structure and the Perspex window of the model container (to allow the soil deformation under the structure to be monitored) a spring was attached to the back of the structure in these additional (excluded) tests. It was found later than this spring system restricted the rotation of the structure and hence only those tests which did not use the spring system are presented in the paper. Analysing the additional data with the same methods described in the paper finds that the r, S, RS and MS parameters are different. Due to the variability in the exact amount of restriction applied to the structure by the spring system between different tests, a very large error standard deviation results. The authors consider that if this data was to be included it would detract from the underlying message of the proposed simple and effective moment-rotation model. The data would not add to the integrity or validation of the model as there were no additional soil densities or bearing pressures were tested.
This would then allow readers to understand just how significant an issue the 'free movement' was by comparing the parameters and would demonstrate applicability across a wider set of soil and structure parameters, strengthening the paper.
A focus on only the elastic deformation range
The review comments were certainly justifiable in this regard, as a major driver behind the intense development of macro-element models recently is the desire to use yielding of the foundation to isolate the superstructure from very high accelerations, by purposefully designing to an 'unrealistic' aspect ratio. Indeed, the authors refer to much of this work in the introduction. The authors have responded that:
-The experimental equipment limited the size of the input motion (to about 0.36g from Table  2) ; -That going strongly into the inelastic range occurs due to unrealistic aspect ratios of the structure.
Both of these answers are justifiable -there is nothing that can be done about the size of the motions, and the authors have indeed modelled a realistic aspect ratio for a conventionally designed structure. However, these issues still place limitations on the applicability of the model which must be more clearly stated in the paper to help avoid inappropriate use. I would suggest the following minor changes:
-It needs to be explicitly stated that the model has/will only be validated for application to conventionally designed raft foundations (with presumably high static factors of safety?) under small to moderate earthquake shaking. This should probably go at the end of the paragraph at the top of p.6, where the last sentence does allude to this, but not strongly enough. These clarifications also need to be added in the abstract and conclusions, which at present are written in a very general way and suggest (even if inadvertently) that the model is all-encompassing. These sections must be toned-down. As the authors claim in the response that the model is not yet ready to be applied to other experimental datasets due to the number of parameters affecting the r & S values without further research, it cannot also be stated the model is generally applicable as presented. It must also be made clearer that this paper only demonstrates the usefulness of the model within the predominantly elastic range of conventional raft foundations and is not yet validated for application to cases where significant yielding is expected.
The raft foundations tested in this research were certainly not loaded in their "elastic range", even if one considered soil to be in any way elastic. The moment rotation loops clearly show plasticity occurring at high moments. We have introduced an amended Table 2 , showing the
